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1. INTRODUCTION 


A theoretical approach in selecting solid-state materials that offer promise 
as new laser materials with predetermined characteristics requires knowledge of 
the energy levels and transition probabilities for the laser active ion. 
Advances have been made towards such an approach for selecting new laser 
materials in that the even-fold crystal field parameters (even-k Bem for all 

‘ the triply ionized lanthanide ions in a given material can be derivea! from Bim 
determined from detailed energy level measurements of one triply ionized 
‘ lanthanide in that material. Relatively accurate Stark split energy levels have 
been calculated for materials like, for example, CaWO, and YPO, with the 


predicted B This predictability comes about because the host dependence of 


im" 
the Bem can be separately described from the ion dependence. Thus, the even-k 
ion~-dependent Py values that have been determined! for the lanthanides in 
caw, relate! +2 crystal field components (host-dependent in obtained from 


lattice sums? to the crystal field parameters by the expression 


Bem = Or Pan . (1) 


This report gives the crystal field parameters, the Stark split energy 
levels, and the squared-matrix elements of the electric dipole operator, which 
are directly proportional to the transition probabilities, between these energy 


states for the triply ionized lanthanides in yttrium arsenate (YAsO,) by using 


le, A. Morrison, N. Karayianis, D. E. Wortman, and R. P. Leavitt, Proceedings 
of llth Rare Earth Research Conference (1974), 1138; Richard P. Leavitt, 
Clyde A. Morrison, and Donald E. Wortman, Rare Earth Ion-Host Crystal 
Interactions 3. Three-Parameter Theory of Crystal Fields, Harry Diamond 
Laboratories TR-1673 (June 1975); Nick Karayianis, Clyde A. Morrison, and 
. Donald E. Wortman, Rare Earth Ion~Host Lattice Interactions 8, Lanthanides in 
YPOy, Harry Diamond Laboratories TR-1776 (August 1976). 
Nick Karayianis and Clyde A. Morrison, Rare Earth fIon-Host Crystal 
x‘ Interactions 2. Local Distortion and Other Effects in Reconciling Lattice Sums 
and Phenomenological By,, Harry Diamond Laboratories TR-1682 (January 1975). 
N. Karayianis and C. A. Morrison, Rare Earth Ion-Host Lattice Interactions 
1. Point Charge Lattice Sum in Scheelites, Harry Diamond Laboratories TR~1648 
(October 1973). 
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the theoretical techniques and computer programs described earlier 
(unpublished). Phenomenological even~-k Bm were first determined that yielded a 
least-rms deviation of 6.693 cm™! between the calculated and measured energy 
levels for Er’+ in YAsO,. The Alm were obtained by a sum over the 


YAsO,, lattice, and Bem were then determined from equation (1) for the 
lanthanides (Pr through Tm) in YAsO,. 


Similar calculations have been reported!~5 for the isostructural, zircon 
crystals YVOy and YPO,. One material of this class, Nd:YVO,, has been 
reported® to be competitive to Nd:yttrium aluminum garnet as a laser materia“ 
under certain conditions. Good laser properties have not been reported for the 
lanthanides in YPO, or in YAsO,. Hence, it is of interest to compare the Ben! 
which give the effects of the crystal field on the free-ion levels, for these 
different materials. In each crystal, the lanthanide substitutes for the 
y3+ jon where the local symmetry is Doge One obvious difference among the 
crystals is that Bog is positive! for YPO, and it is negative> for YVO,; but for 


YASO4, even the sign of Bz9 has not been well established. The Bog value gives 


lo. a. Morrison, N. Karayianis, D. E. Wortman, and R. P. Leavitt, Proceedings 
of llth Rare Earth Research Conference (1974), 1138; Richard r Leavitt, 
Clyde A. Morrison, and Donald E. Wortman, Rare Earth ‘Jon-Host Crystal 
Interactions 3. Three~Parameter Theory of Crystal Fields, Harry Diamond 
Laboratories TR-1673 (June 1975); Nick Karayianis, Clyde A. Morrison, and 
Donald E. Wortman, Rare Earth Ion~-Host Lattice Interactions 8. Lanthanides in 
YPO,, Harry Diamond Laboratories TR-1776 (August 1976). 

2Nick Karayianis and Clyde A. Morrison, Rare Earth Jon-Host Crystal 
Interactions 2. Local Distortion and Other Effects in Reconciling Lattice Sums 
and Phenomenological Bym, Harry Diamond Laboratories TR-1682 (January 1975). 

3N. Karayianis and C. A. Morrison, Rare Earth TIon-Host Lattice Interactions 
1. Point Charge Lattice Sum in Scheelites, Harry Diamond Laboratories TR~1648 
(October 1973), 

HH. G. Kahle and L. Klein, Phys. Status Solidi, 42 (1970), 479. 

SNick Karayianis, Donald E. Wortman, and Clyde A, Morrison, Rare Earth 
Ion-Host Lattice Interactions 7.  Lanthanides in YVOy, Harry Diamond 
Laboratories TR-1775' (August 1976). 


St. G. Deshazer, M, Basc; U. Ranon, J. K. Guha, and E. Reed, IEEE J. Quantum 
Electron., QE-10 (1974), 683. ap Seg Ae 


a 


a certain measure of the distortion from cubic to tetragonal symmetry and leads 


to different odd-fold Bhan and transition probabilities for lanthanides in these 


zircen structured host crystals. 


2. CALCULATIONS 


The same computer programs and theoretical methods are used here as 
previously (unpublished). In the work described here, theoretical Stark 
splittings were obtained by the use of the following Dog symmetry crystal field 
Hamiltonian: 


Hy = BiemCim ° (2) 


This Hamiltonian was diagonalized in the space of 10 lowest J-multiplets spanned 
by intermediate coupled wave functions calculated by using the free~ion 
parameters of Carnall et al’ for Ex°* in aqueous solution. The even-k Bin were 
varied until a least-rms deviation of 6.693 cm7! among 36 calculated and 
measured energy levels was attained; values of these parameters are listed in 
table I. Also given in table I are the derived Bem obtained by summing over the 
YAsO, lattice to get Ban and then by multiplying by the Pr of table II. A 
comparison of the phenomenological and derived Bem gives some idea regarding the 
reliability of the odd-k Bam’ which are also obtained from the lattice sum, 
These Ban are listed in table III for oxygen charges of Ip = -1 and ~0.9, 
Although we used the Io = -l values in the intensity calculations, Bam can be 


obtained for arbitrary oxygen charge by linear interpolation. 


yw. T. Carnall, P, R. Fields, and K. Rajnak, J. Chem. Phys., 49 (1968), 
4412-55, 
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TABLE 1. PHENOMENOLOGICAL AND DERIVED Bym, IN UNITS cm-!, FOR Er3* IN 


YAs0u2 
Tee ae egg pg TS ee iepegineniate NS ge 
lon Ba Bye Baur Buy Baa tio ) (io ) pola ) No. 
tr +783 83.4 830 “$75 20.5 12 58 36° 6.695 om? t 


ert 48) 4Or 1315 937 68.6 - . . : . 


ee ee Ao ene 


“those phenomenolopical Bye yielded a lewterns deviation Q- 6.69} cmt rene Je calculated and measured energy tevels for erX* 
In YASOy. The derived Bug 7 vyhgy Where the Axe values of table IT are for an oxygen charac Jy =) and the og values are Tisted 
table IV.) 

Dy, C. able and L. Klein, Phyd, Status Solidx, 42 (1370), 477, 

“From lattice sum qoxz 


TABLE 1!, CRYSTAL FIELD PARAMETERS, By,,, FOR LANTHANIDES IN YAsO4® 


{b) 
Ton Py Dy, % a, a, 83 65 8&7 by 4, 


i 


Ce 0.1841 0.7536 2.3427 0.5804 = 2.2995 0.3204 = 1.2470 5.5375 MO. 7H 222.5 
Pr 0.1756 0.6464 2.8754 90.5190 1.2083 0.2832 1.0077 (4.0561 62.2% = 238.4 
Na 0.1706 0.5776 1.5897 0.4675 0.9535 0.2h65 6.3286 3.1K92 70.4 28.8 
Pm 0.1679 0.5339 1.4228 «= 0.42h1 0.8275 9.217h = 0.6925 2.holh 71.6 =. 252.2 
fm 0.2668 0.5049 1.3220 0.3875 «0.7246 «0.1940 0.5876 «2.0129 72.5 253.3 
Eu 0.1666 «90.4836 +=1.2503 0.3564 0.6399 0.1749 0.5087 1.6530 81.0 263.0 
Gd 0.1668 0.4656 = 1.1873 0.3302 «= 0.5700 0.1594 9.412 «2.3709 92.3" = 275.4 
To 0.31673 0.4990 1.1232 0.3076 0.5118 0.1867 0.3896 1.1699 55.1 239.6 
By 0.1662 0.4342 2.0624 0.2884 0.4632 0.1362 0.3482 1.0065 66.6 252.3 
Ho 0.1692 0.4217 1.0119 0.2720 -0.K224 0.1276 90.3248 «0.0780 = 7h.6 262.5 
Er 0.1706 0.4126 0.9826 «0.2580 0.3821 «0.1206 «0.2877 (0.7761 «73.9 «262.0 
Tm 0.1722 0.4053 0.964S 0.2460 0.3592 0.1248 0.2656 0.6947 12.7 262.0 
Yb 09.2737 0.3938 0.9220 0.2758 0.334h 99,1102 0.2476 0.6295 79.9 270.4 
athe Byq for tho lanthanides were obtained by scaling the phenononological values for 


$ 
grt) of table I by the py(Ln)/py(Er3*) ratios where the Hy are given in table Iv.) 


KX. L. Vander Sluis and L. J. Nugent, J. Chem. Phys., 60 (1974), 1927, Table I (*meas~ 
ured values). a 


TABLE 111. AMPLITUDES, Akm IN UNITS cm7! ATK, OF SPHERICAL DECOMPOSITION 


OF SUM OVER YAsO), LATTICE > 

Material gg) ggg gg gg Meg Aggy A M6 
meee tot nema x 

VAs, “1.0 2819 «971 «= 3186. -953—s=69.9 = getsisi2k89Ssi39,9 Ss 12 


~0.9 4257 1118 2852 ~836 ~61.7 237 2269 35.7 “113 


Foxygen charge. Yttrium and arsenic charges taken as qy ™ +3 and gag 7 -3 - 440+ respectively. 


By multiplying the phenomenological Bim for xr3+ in YASO,, given in table I 
by the p,, (in) /p, (Er) ratios for the various lanthanides, the smoothed sets of 


Bim were obtained for the triply ionized lanthanides in YAsO, as given in 


table IV. The Py values used in calculating these smooth sets of Bim 


mentioned akove, are given in table II along with the radial integrals and 


, as 


energy positions of the higher electronic configurations for each ion that are 


required for the transition probability calculations. 


TABLE IV. VALUES FOR op, = tT K<eK>(1 ~ of), IN UY ~S AK, TO CONVERT 
LATTICE SUM Akm TO Bum (Bkm = PiAtn)? 


Jen B29 Bio Bag Bo B54 tapte 
Pr ~80.5 135.7 1300 -1098 39.1 v 
nd -76.3 116.8 1162 -931 33.2 x 
Pm “77.1 107.9 1074 -833 29.7 xv 
Sm -76.5 102.0 1015 -774 27.6 WX 
Eu -76.3 97.7 973 ~732 26.1 XV 
6d -76.5 14.1 937 ~695 24.8 XXX 
Tb -16.3 90.8 903 -658 23.4 5 XXXV 
by “77.1 87.7 873 -671 22.1 XL 
Ho “77.7 85.3 849 -593 21.1 MLV 
Er -78.3 83.4 830 ~575 20.5 Li 
Tm -79.1 81.4 815 -565 20.2 Lyil 


*also given are values for d, = Gf|rk|50) and g, = <4e|r*| 5g) and 
free-ion values (ir, units 103 cm ) for bg = Esq - Egg and bg = E5q - 
Eg¢ where energy differences are measured from lowest-lying energy 
levels in the respective multiplets. 


3. RESULTS AND DISCUSSION 


The phenomenological Ban for Ext in YAsO, determined ir the 


least-squares-fitting procedure (table I) served as the basis for determining 


even~k Bm values for the triply ionized lanthanides in YAsO, (table IV) from 
which the lanthanide Stark split energy levels were obtained, and these levels 


are included in tables V to LX. Experimental values are listed as 0 for 
energy levels not identified from measurements in the tables. The odd-k Aan 
(table III) and the radial integrals and energy separations of the different 
electronic configurations (table II) were included in the calculations, to 
determine the quantities labeled o and 7 transition probabilities in tables VI 
to LX where appropriate. These quantities so labeled are the squared-matrix 
elements between the initial and final states, Mier and are related to the 


oscillator strength, Piet by 


87m - ‘ 
pe Te es (3) 


The spontaneous and stimulated emissions or transition probablities are 
proportional to m2 through P as are other quantities of interest in the study of 
laser properties such as lifetimes and cross sections. These squared-matrix 
elements and the calculated energy levels are needed for further studies of 


optical spectra and laser related calculations for the lanthanides in YASOQ, « 
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TABLE XVI. SQUARED-MATRIX ELEMENTS PROPORTIONAL TO TRANSITION PROBABILITIES FOR 
pm3*t IN YAsOy 


SIGMA TRANSITICN PROBABILITIES SETWEFN 2MU = 4 AND 2MU® 2 


43 32 16 14 46 35 19 9 6? 60 j 
si a 517 51 6 515 51R 517 51 6 515 514 SF 4 oF 3 ! 
45 51 8 9.811C 03 52455E 03 2OLEE 04 7.766E 01 7.459E 03 4e421E 92 2.B2E 04 7.6d7E OL ZedLLE C1 1L.7C5E 04 7.276E 04 } 
33 517 L.246E GS T.2TSE“OL LILLE C4 L.SCYE O3 7.7H7E 03 4e5H3E 02 54422€ 02 9.574E 03 1.422E 04 S.RBICE 01 6.URSE C3 ‘ 
2t 516 BeUZTE 04 8-555E C4 362C6E C2 ALTASE 04 4.314C U3 1LeC34E 04 5SeB57E 03 2.28ZE 04 B.451F 91 9.651E 03 7.376E 03 i 
41 518 9.9666 03 31L29E 04 2.720E 03 6.370E 03 6.763F 04 6e3C0E 04 5.238E 04 1.469E 02 4.593F 02 96302E 04 9.693E C3 } 
28 517 3.835E 04 9.B70E C2 3.452E 04 L.A27E 05 LOAZE 05 16927F 03 1e166E OS LLLOLE 04 2,154E 03 1.87GE 02 7.762E 03 i 
18 5L 6 1.03ZE O2 be985E 04 9.632E 02 9.444F 03 225CE CL 1.259E 05 1.924E 03 1.136E 04 1.604E 05 3.2926 04 2.6091F C3 
11 $15 6.346E G3 4.985E C4 2.763E C2 3.ACLE 03 9.5H3E 02 LeCIIF 04 FA169E 0% LAZIZE 04 Le406E 05 4e219E 04 FOZESE 03 j 
1514 LoIT4E OF LeS2E 03 F.2LLE 04 7.958E O2 1.464E 03 4e7TSLE M2 1.9820 04 3.728E 05 6.647E 04 3.232€ 04 2.072E 04 ; 
65 SE 4 GeIPIE 04 LeLSIE OL 2.522E 04 5.3CHE 03 6.6370 C4 4ePSSE OL 4e670E 03 1,084E 05 5.8790 04 1.384E 04 5S.21KE C3 
56 5F 3 2092E 04 2.895E G4 2H9TE C3 3.557E 03 2.22CE O3 2.913E 0% B.LLZE 04 1L.30HE O2 1.428E 03 1.543E 03 &.310E 93 
52 5F 2 1.062E 04 T.742E 0% 5.565E 02 3.241E 04 9.722E 03 2-CLSE 03 1.028E 04 2.453E 04 1,820E 04 2.661E 04 3.4A7TE 02 
61 5$ 2 16933E C4 16235E 95 5.927E OZ 1.763E 04 2.801E 04 604C9E 93 5e449E 04 Bel55E 03 S.001E 04 9.036€ O1 3.174E=01 # 
47 518 2e6L7E 03 2a270E 03 2.715E C4 2.C43E 02 1.204E O2 2.359F O2 1.196E O2 1.039E 04 3.613€ O1 7.25CE 03 LAL3TE C5 
34507 GeBLOE O03 36780E O2 4e345E C4 2.5E7E 02 5.345F 03 LoL ISE 02 TeLIGE 02 S.7THPE CH 7e145E OF LeG32E 02 9.556E 03 
24 516 LORIE 03 1.394E CL 21.953E 02 S.7T0E 03 1.6465E 04 Le1STE 03 4.594E O1 Te943E 04 26337E 03 1.2H7E O4 1.306E 93 
16 515 Golk3E O3 be5OSE C4 7.225F 04 LoCLOE 03 20353E 03 4e3E9E 03 2.619t 04 26683E 03 2.3B7F 04 D.O4CE 03 L.1C9E C4 j 
5 514 TeOLOE O2 L61BBE C3 1.235E OF S.LTGE 03 1.549E 03 4.597E 93 G.147E O2 B.3L2E 03 1.6646 04 3.4972E 03 6.8H1L3E 03 i 
66 SF 4 BeASIE 04 1.B824E 02 3.4876 04 2.86IE 03 €.9TIE 04 1e4CHE 03 32004E 03 6.855E 03 1.408E 04 1.943E 03 3.114E 03 7 
59 56 3 3.776E 02 60928E 03 9.OB8KE C4 S.AZ9E O2 6.909E 04 3.208E 04 2.0518 02 GeLZLE O2 9.7AIE 04 36435E 04 2.951F 03 j 
55 5F 2 LeS1GE 04 T6129E 03 5-235E 02 L.CESE 05 1.7L9E 02 1.820E 05 B.143E 03 7.349E 04 S.OTLE C1 9.513E C3 2.939E C1 ! 
64 58 2 TOLLE 04 6.906E 03 3.0546 C4 6,831E 04 4.943E 03 Led74E 05 1.942F 04 3.784F 04 1.46RE 04 SeTETE-01 3.7596E CO i 
45 518 Bod96E O04 4aLLSE 04 2.385F 04 3.2C7F 03 16189E 04 36331E 03 7e26HE 04 BL709E UZ 1L.149E OF 3.1236 03 26418E CO i 
31 517 163026 05 2.502E 02 1.222 C5 3.293E 04 8.784E 04 6e713E O01 1.998E 04 1.657E 03 7.269F 03 1.256E 02 4.616F C3 H 
20 51 6 40947E 02 1.792F O05 S.AGTE 02 8.892E 04 5.984E 03 G.BITE 03 2.224F 03 4.925E 04 4,020E 04 1.U55E 03 1.601€ 03 | 
44 63 S21 3e 27 25 12 6 71 5t 49 ! 
5F 2 5S 2 SF 1 51 8 517 516 515 514 5F 4 SF 2 518 i 
45 518 20252E 02 5.830E O2 1.382E 02 7.3C9E 03 5.155E 04 5.394F 03 LLLTSE 04 Go1B3E O01 6.344E 03 2.496E 04 6.982E C3 H 
33517 60354E 03 5.026E 03 36923 O2 3.270E 04 3.843E OL 2.999E OL 8.566E 04 5.B884E 03 3.461E 03 4.522E 04 1,588E C4 i 
| 21 516 4.6876 03 1.987E C4 7.5COE C3 6.959E 03 8.595E 04 6.69HE 02 LeHOTE 04 1.337£ 05 1.269E 04 4.256E 03 1eUIZE C4 \ 
‘ 41 51 8 2eTHSE OZ L.SOLE 03 L.72GE O1 2.679E 04 5.55CE 03 1.635E 05 %40592E OZ 14702E 03 Sel55F 04 26774E 04 b.623E 06 | 
: 28 517 20520E 04 2.684E 04 1.232C 03 E.TIFE 04 5.950E 02 SeBL1F 03 4.950E 04 1.875€ 04 1o351E 03 2-8ECE 04 3.738E C3 ‘ 
{ 18 516 9e288E 03 5.275E C4 1.Y5SE C4 9.899E O1 GUTTE C3 1.122E 04 LeTOLE G5 1.496E 04 1.259E 03 9.4COF 02 66855E 03 | 
lL 516 $09GOTE U3 9.947E 03 262246 04 2.289E O2 ALSTSE 03 V.3G1E 02 26605E 03 4.+58E OL be 3BBE 0% 2.024E OL 34435E 02 
1514 2e351LE 04 4.829E 04 1.482E 62 9.093E-O1 1.32CE 04 1.833E 03 2.483E 04 164 2E 02 1.004E 04 7.633E 04 2.49CE 02 
65 SF 4 Bo421E 03 9.356E OL 7.484E O2 1.370E O03 2.012E 03 3.685E 03 7.430E 03 1.6 38E 03 4.053E 03 1. LESE 04 1.633E C4 | 
56 oF 3 B.032E-01 6.219E CO 7.H70E O2 3.409E 00 5.A20E 04 6,994E G3 S.2EZ2E OL 2.860E 04 1.BI4E 03 60447E 03 2.257E 03 , 
52 5F 2 Bo164E O2 1.934E OL 5o146E OL S.9D1E 03 T.615E 03 4.297E 04 8-024E OO 1.704E 04 1.008E 02 3.818E OL 3.2C1E 03 
61 5S 2 LeABLE OL LeTOOE“OL 1.CGTZE-O1 2.696 04 3.909E 03 2.0226 05 2.574E 03 36574E 04 B.206E-O01 66246E OC 1.497E 04 
47 51 6 1.206€ 04 5,003E 04 4.838E 02 6.035€ 03 LoOGLE 05 3.279F 02 S.5H2E 03 F.SOLE O01 3.372E 03 4.748E 02 3.994E 03 
34 517 BeSLIE 04 7.886E C4 LeL22E 04 2.767E O5 L.573E OL 4.1COF 02 6.445E 04 1.626E CO 165326 03 4e125E 04 1L.VT5E 04 
24 516 Te444E 03 LLBOLE 04 2.05CE OS 7.693E 04 1.775E 05 16556E O2 1.023 05 2.702E 04 2.067E 03 2.4HEE 04 1.U75E 03 ¥ 
15 515 J.O91E 04 2.175E 04 L.021E CS 2.3A2E 04 1.063E 05 2.110E 02 2.615E 03 2.325E OM L.471E 04 9.450E 02 92357E 02 { 
5514 16965E 05 16442E 05 3.042E 02 3.755E 03 1.694E Oh 1.122E 04 2.G14E 05 7.478E 23 1e123E 04 4.ECSE 03 3.002E 02 
66 OF 4 Le827E 04 3.366E OZ 4o770E C1 1.162E 05 2,652E 03 7.C13E 03 GeOSLE 94 Ge1OHE 3 2.759E 03 L.CICE 00 2.189E 04 
59 5F 3 6o295E O1 3.465E“O1 9e233E C2 16594E 03 1.693E 03 L.2U4E O2 1.458BE 03 2.233E &. 16993E 03 2.455E 03 2.734E 04 | 
' 55 SF 2 1-383E 03 1.6193E CO 5.745 O1 2.783E 03 1.657E 03 4.08ZE 03 Le451E 04 Fo513E G' 36629E OL 1.964E 01 4.0A6F 00 : 
i 64 58 2 BaLZ9E-O1 2.564E=~O1 7.720E QC SeETTE 02 7.TOLE 03 1.625E 04 7.646E 03 1.6U2E 04 3.485E-O1 1.477E OC 1.U41E CO 
44 518 $.73BE 03 3.065E 04 4.203E OZ 32357E O01 72642E 03 4.123E 04 92872E 02 7.969F O2 6.221E 04 6.347E 04 B-A73F 03 } 
31517 30665E 04 4.622E 04 5.987E 03 1.573E 03 26956E 02 56361° 03 3.007E 94 2.546E 04 3-161E 03 3.958E 01 4.235E 02 ' 
20 516 5e349E O02 1.662E 03 9.772E 03 3.283E 04 3.563E 03 3.523E 03 L.585E 04 5138E 04 Le122E 04 1.633 OL 3.757E 04 { 
29 
517 
45 518 4.998E 04 | 
' 33 517 8.529E 02 
H 21 51 6 Se944E 02 
41 $18 5e265E 02 | 
' 28 S17 2-003E 02 
' 18 516 8.075E 03 } 
11 515 L.L2Z7E 04 ’ 
1504 Bo43lE OL 
' 65 SF 4 8.59CE OL | 
! 56 SF 3 1.693E 04 , 
‘ $2 5F 2 1.431E 04 : 
| 61 5S 2 LTIAE 04 : 
47 518 66103E 03 
517 90T998E 02 ri 
516 £.469E 04 
515 1.284E 04 is 
$14 2-761E 02 
5F 4 6o467E OL ; 
5F 3 GeL9RE 02 : 
SF 2 3.16GE 02 . 
5$ 2 1.257E 03 
518 6.829E 04 j 
sit 6-615E 02 
516 SLOTIE 
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TABLE XVII. SQUARED-MATRIX ELEMENTS PROPORTIONAL TO TRANSITION PROBABILITIES FOR 
: Pmt IN YAsO, 


SIGMA TRAGSETICN O83 2ADTLITIFS BETWEEN 20is s 2 AND 2¥L @ C 


4) 37 26 23 8 3 68 48 36 1? "43 
sto sta st? sl 6 515 $14 SF 4 518 $1 7 516 SI 5 
43 »1 8B Lear lf OS L189 CP? 7.5CTE C2 3, 7ERE+O1 32.493F O2 9.266£ 00 5.70TE C3 2.507E 04 2.596E O2 3.633E O4 2.823E C3 
32 ot 7 2.939 G> 2ehAGE C4 SeoTlLE C2 1. 760E O2 2-508E 04 $.474E 03 S.ORYF O02 2.E59E 04 2.2U9E O2 1.838E 03 1.34CE 04 
la ol 6 Ge SN4E VS 2.3TOE 04 5.43kr 02 4.680E 03 5.349E 04 4CCIE O2 1.2AFE 0103.988E 03 5.8D4E 00 7.040E OC 2.274E 03 
14 91S 2odTIL O3 ¥30ME 24 2.L1OL Ch 4.TZZE OL 4eB2LE OF 1.23KE 14 643360 03 1.860E 04 B.924E 03 7.86HE 04 5.075E C2 
46 ot 4 LeSSCh O2 2.490E O32 4.ALEL 04 F.LEZE 03 S.S7SE O2 2.5D3E 02 3.465E O3 2.151€ 00 3.232E 03 1.1 75E 03 1-459E 02 ‘ 
35 17 L.V4PE 04 2.4)0F OF 2.72UL OF 1.450F 02 1.489F 04 7.8S0F 03 1.299E 03 4-GB3E 04 1-06CE O2 1.9P6E O4 LeOLLE 04 
19 556 2enV9r VS BolIGE OF Fe59SE C2 LHLIE 03 2.3AZE 03 6.950E 02 8.971 03 3.550€ 03 5.853E 03 1.0396 04 2.974E 04 
9 old 309340 03 36573E O02 2.97KE CI 2.38ME 04 La7T3TE 04 2.53LE 05 Se9LTE On 40484E O02 1.772E 04 3.858E 04 Le317E C3 : 
2 91 4 2elOIE OL Vo2IVE Oe 2or5HL C2 B.TIOL OL 1,598E 05 LISTE O5 1,594F 04 2.164E 02 5.269E O3 1.3C2E 05 F-2E0F 03 fo 
61 OF 4 LISTE D3 2AOVE US LeABTE C2 4.CTIE CF 5.T4LE 04 4e34GE 04 16427E O4 B.394E 03 3.548E 92 54920E 03 2.529E 03 ; 
- 60 OF 3 Go2N8E OF 369463 OF LoL4lt C4 2.932E 04 6.60HE 03 9.216E 02 3.898t 03 2.987E 04 6.805E 04 4.365E 02 1.424E 03 \ 
54 oF 2 T.233F UP 1L.056F O% L.020F 04 5.C36F 03 4.4L1E 03 1.426€ 03 1Le37LE 03 L.O90E 04 L.99LE 04 1.79CE 04 8.285E 04 
63 58 2 SerLOl C3 4.43TE C4 L.2O5E C4 2.CS7F 04 4.51HE 93 6.338E O02 4.8580 00 6-259 04 2.RO4E 04 J.L31E 04 4.217E 04 { 
61 9F 1 Sod2 It VO 2oTIIE O2 1L.0I0E C4 1.272E 05 E.JHCE 93 7.983E O2 14302t O2 L.L67E 02 2.228E 04 S.977E OC 2.532E 04 
yaoola SoTOSL 24 HeGLYE OF LedTZE 04 9.939E 04 2.504F O2 1.681E O2 9.652E 03 1.678E 0D 4.625E 04 5.347E 03 2.6CE C4 ‘ 
27 917 OsIDIL O4 269CHE CH B.LOLE C? 4.334E 04 3.1226 03 E.CEOE O2 1.49LE G2 9.838E 03 2.626E 03 1.948E O02 1,069E 05 
* 25 206 3.924E O3 2.4TLE T¥ L732 CS TLBd€ O2 L-CIOF 04 L.O51F 05 S.95TE 04 3.289E 03 7.L65E 03 6.BAGE 03 2.306E 04 
12 515 Se43ZF OF 4eASDE C2 SOLOF C4 S.GLLE 03 3.575E 03 G.679E 04 2.921E 04 6.47Z2E 03 3.91LE 03 L.94CE 03 2.767E 03 
6 ALS T.40IC OL Le267E OF 36136L 04 9.534E 03 1,299€ 04 1.845F 04 14660E 04 1-704E 02 164416 04 6.412E 04 4.734E C3 
Ti of 4 Oe229F OF L.37SE O3 Go7393E O2 2.CEIE O3 GoLTZE 03 2.6CZ2E 03 3.798E O2 1.827E O5 2.466E 03 2.255€ 04 LATE C4 
58 of 3 LSDLE G3 Z.ODDE C4 L.G1GE C4 S619E 04 3.093F 03 2.9CRE 04 3.285F 03 5eE55E 03 1-285E 04 5-664E 04 8.555E 03 
49 518 Lo256E 06 1,965E G5 HZTF OL 9.096E 03 LeLTBE 04 3.C056E 03 2.000E 05 5.683E 03 1.278E 04 LeLEZE 04 4,025E 03 
29 917 BoUSCF OL L.O49E GY 16596 02 LeMADE O5 1.443 05 5-320E 03 L.795E 02 5eLS2E 04 T.7TSBE O2 B.941E 04 7.092% 04 
7 70 27 53 62 5¢ 39 30 22 10 4 
914 5F 4 SF 3 SF 2 5$ 2 SFY S18 517 5h 6 516 SI 4 
43 518 Lo2lSr O2 3.9190 OL 2.427E 04 LeOTZE 04 4.217E 04 264296 O1 L.379E 03 46875E 04 2.905E 04 %.688E 03 3.347E 02 
32 987 1.4240 04 4.627E O2 L.025F 03 4e5C5E 04 5.277F 04 1.6770 04 2.362E 05 5.254E O2 46264E 03 5.9ESE 04 4.LEIE 03 
16 516 4e342F O4 Ge439E 03 LeO2dE C4 2.7TITE O2 3.951E C3 8.6390 03 6.444E 04 1,873E 04 66329E 03 G.B57E 04 3.459E 04 
144 515 SelT2E G4 2.21BE 04 L.HlOL O1 56124EF 04 20406E 04 L.L26E 05 5.555E O1 1.246E 04 Le222E 04 2.874E 03 2.077E 05 
46 518 HedOFeG% 1.005E 04 F.LP1S O2 46935E 03 5.623E 04 6.A7T9E O1 2.202E Od 8.768E 03 4.7OTE 04 1.935E 04 1.373E 03 
35 ol 7 SeOUYE U2 Z.LBIE O2 G.150F O2 F.8Y7TE 03 4eTIIE 03 20431C 04 T.2HLE O4 ELGOTE OC 26664E 02 2.484E 04 3.354E 04 
19 516 Te IPVE O4 1.435E 04 B.r217S C4 LLCEDE O3 2.240€ C2 3.982E 04 9.403E 63 7T.341LE 04 1.405E 02 2.469€ 03 L.1E5E 05 
745615 ReDOGE OF B.027E 04 4. IBLE 02 5.472E 04 4ol3TE 04 2.5746E 03 B.TOTE 03 2.770E 04 F.12Z1E 04 3.506E OC 8.246E 04 , 
2514 1-869 0% 3.428E 04 1,35HE CS 2.159 O1 5e515E 02 5.576E 02 2.217E-O1 1.652E 04 3.643E O2 2.948E 04 TeOLTE 04 
OT of G L.5UDF G2 2.138E C3 d.aTIL C2 LLOSHE 04 1.COTE 02 S.CLTE OL 3.192E 04 3.089E 02 9.931E 03 4.179E 04 3.U37E 04 
6u 2F 3 1.2666 C5 3.532C C4 4.9456 G2 F,619F O° 4.552€ OL L.CISE 03 LeGIOE 04 4.879E O03 1.215€ 01 1.195€ 04 LeGR4E 04 
54 OF 2 L-TTAF O4 T.096F C3 2.n3FC C2 4.C2ZE O. 1.139F CO 4.469E OL 1.320E 04 1.560€ 02 2.493E 04 %.726E 04 267195 02 8 
63 55 2 Jo2kle GS 3.659C OL 2.4GHE OL 1.4EDE OL 7+1B2ZE-O1 4.C41L 00 6.590EF 04 3.006E 02 S.1LTSE 04 4.338E 04 22421E Od 
5350 1 4o3L3C 03} D6230E OL L168 CC 2.2C3E O2 Z.OLLE-C3 7.258E O1 4.035€-203 3-147E 04 T.2Z21E 04 3.467E O1 LLOIE CL : 
38 oI B 2 IO3E G1 1L.067F 04 6.e76E CH 7.432E 03 2.11G6F 04 2.2C8E 02 1. 390E 03 7.9T4E 03 1.637E 04 4.824E 02 L-101E 00 
27 517 JeLIOE G4 1.895E 9% LISTE O02 4.OAKE C4 6.602E 06 2.754E 03 2.049% 03 56604E 02 5.136E 04 1.223E 05 7.6420€ OL 
25 91 6 SeIsle 03 2.656F O3 2.1C4E 04 1.260E 04 2.302F 06 5.267F 04 6.686F 01 2-167E 03 9.GTHE O01 8.965E 00 6.346E 03 
12 515 4al2Z1C OF Lo274E C4 BenT 8-08 3.C20E 04 2.386 C4 9.5C8E 03 4.470E 03 1.435€ O4 7.534E 02 2.262E 03 7.265E C3 i 
2 6 314 SaPLIE O04 2.CB89E 04 LerATE 05 4.035E 04 be256E 05 5.452E 03 LoUS3E Ol 4e241E 02 5.405E 04 1.056E 05 3.2256 04 ‘ 
TL OF 4 2ehTbE NO 1.308E 94 SETHE C4 1eB817E 04 L.OBSE 02 4,544E 02 9.243E 03 1-995E 02 G.9L2E 03 2.017E 04 2.12CE 03 
58 oF 3 2.0THr 04 Ge6B5E OF LLGIE C4 2.567E CO 2.666F C1 1ICIE 00 1.925E 00 5.97BE 04 %.565E 03 6.620E 02 2.080E 04 on 
49 218 DelhdE CO 2.392E OL 3.995 02 4.476F 03 2.646F 04 1.265€ 01 3.356E GS B.T5OE 03 7-214E 02 2.0H0E 03 3.401E 02 
29 DIT Gol IIE~U4 7.435F OL 2-539E O2 T.ICIE O2 Le2L1E 03 L.37SE 03 2.387E 04 201450E 03 1-635E 05 4.879E 04 3.653€ 03 
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TABLE XVIII. SQUARED-MATRIX ELEMENTS PROPORTIONAL TO TRANSITION PROBABILITIES FOR 
Pm3+ IN YAgOy, 


PL TRANSITICA ORGPAQILITEES REEKEDX 2¢L @ =? ANE 2ML 2 2 


4A 32 1é 14 46 35 19 9 2 él 6c 
ol & SET ot 6 St» +) al $i? 51 6 515 SE 4 5F 4 SF 3 

43 >0 B 1.7656 C5 Lel5OCE 0b 9.22466 C2 6.196F G3 1.599% C4 L.678E 03 7.703F 04 5.Po9F 03 2.519F CO 5.928E 04 2.757F 04 
324 7 LelSGU U5 HeSL3E CZ 2.215E G4 3.7PHE 04 2.50CE 04 2.CCSF O2 7.59Ht 04 6.802E 03 1.664 04 5-BUSE OL L.Z1RE 04 
16 016 Vo2QGE WS PeQlob 04 4.294E G2 LIEIF 05 HeG2LE OF Le2rIE 04 SLIDE 03 4e673E 05 2.73CF 05 4-D895E 04 L.779E 03 
14 51> OoVPSE OF 3.778F CH 1LIGIE CS L.7E7E O3 L.COSE 04 He TIGE OF 4.1320 OL 3.B64E OL 1.054E 04 4.92HE O1 1.590F 02 
46 sl 8 Lev99F U4 2o50GE C4 PAG2EF C4 L6CC4E 04 1.309F C4 5.3F4F 03 D200) 03 4.6520 UL 36343E O2 3.775E O02 1.G16E 05 
3557 1.67Ar 03 2.005E 02 1.2%7r C4 Ge TIGE O2 5.3ALF 03 1.123E 03 1.8ROE O2 2.727E 04 2.186E 03 7.159E O21 8.935E 04 
19 »Lo 7.7931 04 2.598E 04 SelSie OF 4o132f OL B.COSE 03 1.A80E O02 1.210E 04 Y.33HE 04 3.96UE 04 6.647E 04 4.058C C4 
Sb» de2GIr 03 GeAOZE C3 4eATW O2 3.PE4F OL 4.652 OL E.7Z7E 04 86338F C4 4.936E U4 1.233E 04 3.547E 03 2.73BE C4 
2204 WLIE GH LeHASE O4 2.7ICE YS LaCS4E O4 FL34IE OZ 2ebUGF OF 3.IAHE O4 Le233E G4 20348F GS 1.522E OS 1.757E 02 
67 xF 4 SePPAE 04 4,B809E QL 3.5RGE 14 4ePZAE OL 3.7750 2 PLLSGE OL GeG47E 04 3.547F O3 L6582E 05 L.BIVE 04 Z.08TE 04 
60 oF 3 2e22TE O4 Ls2UKL 04 LPIPSF C2 1.550£ O2 LLOLOF C5 ¥.535F 0% 4.0580 04 2.73KE 04 Le7STE 02 2.087E 04 2.397E C3 
54 st 2 Leudst O04 1.437E C4 S.4QLE C3 1.258E 05 L.d46F O04 1,001F 95 2.716£ 04 2.446E C3 8.826F 04 1.519F 04 1. /04E O1 
6338 2 GorILE U4 LOOLE 96 %.352E C4 7.BCIF 04 5.6620 C% L.O57E 95 SeIGLE 04 3.513E U3 SALSIE 04 4.O3LE O2 3.7CGE OL 
51 or t 2oISIE G2 163546F 04 2.60lF C4 16467E 04 3.333E 02 2.637E 04 4.056£ O2 2.889E U4 3.741E 02 3.322F 03 2.933£ 03 
38 9148 L.544E 94 PBPIE 04 LoACKE 24 4e14HF 04 HO4EZE C4 LeGL4E 05 5.PIL 04 7.E55E O2 S-204E 02 1.225E 05 1. 770E 02 
27 27? 203228 G4 2,579E Oe GeIAIFE 64 D66U5E 04 LL TO7TE (4 LLCRIE U3 3.824 04 2.397E 04 S.12CE OL 6.956E O2 1.359F 04 
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TABLE XLIII. SQUARED-MATRIX ELEMENTS PROPORTIONAL TO TRANSITION 
PROBABILITIES FOR Dy°* IN YASO, 
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TABLE XLIV. SQUARED-MAPRIX vaaalet PROPORTIONAL TO TRANSITION 
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